Introduction
"Critical Thinking Skills" from an engineering context can be defined as the graduate attribute developed through a structured process of applying, analyzing, synthesizing, and evaluating data/information. The metacognitive ability involving perception, critique, judgment, and decision making, allows students to orchestrate and self-regulate their own learning strategies and those abilities encompassed in the term 'critical thinking.' It is an important skill that accrediting bodies and engineering employers consider as a must for engineering graduates.
However, the process of achieving critical thinking skills is not always well laid out and /or developed. Although a number of models have been developed in this topic by many academics, developing "critical thinking skills" can be a long and arduous process. In particular, the development of higher education program level critical thinking skills require detailed course level planning, structured assignments, critical analysis of case studies, student centric learning, and guided design using tools such as simulation and gaming, communication exercises, and laboratory experiments. Research suggests that the development of any skill is best facilitated by practice and not by demonstration. Students acquire skills most effectively through practice and feedback. Relying solely on teaching approaches such as problem based learning are unlikely to Page 26.507.2 2 help students to develop critical thinking skills. In addition, emphasis should also be given to the assessment and evaluation of critical thinking skills.
This paper provides a review of the Master of Science in Engineering Management and Sustainability Management programs, both of which were designed to incorporate "critical thinking skills" as a major focus. In addition, the paper illustrates examples of structured assignments and novel exercises that were developed and implemented to promote "critical thinking skills." In addition, special rubrics developed to measure "critical thinking skills" are illustrated.
Background
One of the key primary goals of engineering schools for some time has been to develop, promote, and instill "critical thinking" skills in engineering students. The National Academy of Engineering 1 has clearly identified the need to train engineers in critical thinking by exposing them to stimulating exercises involving real-world environments. Critical thinking is considered as a resilience factor in engineering programs 2 . It causes individuals to analyze causes and responsibilities. Resilience skills development is defined as "the individual's ability to identify and solve problems," in ways that it would impact his/her own transformation and growth 3 .
Developing resilience depends on cultivating those skills through exercises that stimulate critical thinking and strengthen students' analysis and decision-making capabilities. Well-designed problem-based courses are likely to encourage learners to think critically about content since courses start with problems rather than with a program of lectures and tutorials aimed at teaching students a body of knowledge 4 . Woods et al. 5 found that transmitting knowledge was the easiest part of teaching; it was the task of equipping students with the critical skills they need to succeed as professionals and responsible members of society that he found to be more challenging. knowledge-centered, learner-centered, assessment-centered, and community-centered.
Knowledge-centered learning mainly refers to the students' ability to transfer their learning to critical thinking and problem-solving skills; the learner-centric approach refers to the ideas and information the students bring on their own from their prior learning or other experiences; the assessment learning approach gives the students a quick feedback on how the students meet the course learning outcomes and what they need to do to improve (or turn around); the communitylearning approach refers to the opportunities that help promote interactions among students and thus provide them with opportunities to learn from each other. This not only gives each student the opportunity to become a teacher under this category, but it also helps foster communication and teamwork.
7
The key attributes of Student Centric Learning and its associate processes or methods of implementation are the following:
-The focus is both on the students and instructor as it also allows for a high degree of interaction between students and the instructor -Students work in teams or alone depending on the purpose of the activity -Students actively participate in class discussions while the instructor facilitates by initiating a class dialogue with an open ended topic or a question -Students choose or initiate topics for discussion By comparing the definition of critical thinking listed above and the SCL attributes, processes, or methods, it clear that there is a great inter-connection and association between the two. SCL implementation is an effective way of developing, promoting, and instilling critical thinking for engineering students.
Page 26.507.5
5

Implementation of Advanced Practices of SCL to Develop Critical Thinking Skills
The SCL practices that help influence the development of critical thinking fall within the four categories (or pillars): Knowledge-centric, Leaner-Centric, Assessment Centric and Community Centric 4 . Specific practices implemented for three categories which are directly or indirectly related to critical thinking, namely Knowledge-Centric, Leaner-Centric and Community Centric, will be discussed. Different SCL activities will be discussed first followed by students' feedback.
Knowledge-Centric SCL
The main learning base here is to focus on developing critical thinking and data synthesis.
Two practices have been implemented for this SCL -'News of the Day' and 'Debates.'
In the first activity, 'News of the Day,' onsite students in the different courses participate.
The objective is to identify a recent development in the news media or an event that occurred within the last 30-45 days, from any relevant and reputed magazine or newspaper or journal. The news item or event should be directly related to and should meet one or more course objectives.
Each student will Open the URL link and present the topic to the class for 5 minutes -what, when, where, its impact as it relates to the course learning outcome. This will be followed by a brief Q&A session. Students are assigned grades for participating in this activity. Each student has to complete the following tasks: identify the source and event (or news), the location of the event/news, how is the event/news tied to the current course, and what is the importance of the news/event. The student will also have to discuss quantification as applicable to the subject matter being taught. Students are also expected to interpret the news or event as they see it and
give their opinion (positive or negative). As noted, this is an exercise in critical thinking and data synthesis (students can discuss other related events). The instructor publishes a schedule for all students. The News of the Day discussion is at the beginning of each class (two or three students Page 26.507.6
6 present in each class). This approach ensures that the students are from the beginning of the class active, attentive and engaged.
The 'Debate' SCL activity is implemented in the Globalization class where teams (or individuals) take a position on whether globalization is 'good' or 'bad' (this is an important topic in today's world). They present their case with a current example and quantification to the class.
This is followed by a brief Q&A session. This activity also engages students quickly into the discussions as they often try to bring up related events/situations from their own companies for discussion.
Although text books these days come up with new editions more often than before, this SCL activity keeps the students informed about the latest happenings in the subject they are learning.
Students' feedback comments reflect that they are anxious to hear about the latest developments as they come to each class -they have a different expectation at the beginning of each class.
Learner-Centric SCL
The main learning base here is focused on learners becoming 'creators.' The emphasis is on their coming up with new ideas, so as to help advance creativity/innovation. Students are encouraged to use any and all prior knowledge they have into the learning process. Creativity (or creative thinking) is sometimes argued to be different from critical thinking. At the same time, it has also been established that there is a relationship between the two 5 . Learner Centric SCL is generally a team activity that requires the student-teams to design, create, play, and demonstrate a game that is relevant to the subject matter and supports course learning outcomes. In this SCL practice, the course team project will be quantified and demonstrated through a game that the team will design, create, play, and demonstrate. Teams are given full freedom (empowered) to Page 26.507.7
7 create/innovate and even to adopt any existing game to suit the project under study. This SCL has been successfully implemented in more than one course in the MS Sustainability Management program. This particular SCL is perhaps one of the most advanced SCL used in the graduate classes since real world problems need to be well understood to be able to bring the concepts down to game objective(s), rules, and winning strategy (games have been used in school education and is well documented). Sustainability topics are somewhat new in higher education and the concepts (such as equity) are difficult concepts for students to understand. But gamification helps concretize these abstract concepts and allows for deep learning to take place.
Many students bring their prior gaming experiences into the gamification process, and they help others who may not have that experience by teaching them. The pedagogical role that games in education play to improve critical thinking skills has been well documented 6 .
In a gamification approach, student engagement, teamwork, innovation, and competitiveness come in to play. Students have to do significant research to come up with game rules and to quantify the subject matter. Since everyone is actively involved or engaged in one or more aspects of a game, it results in higher subject matter retention. SCL also makes learning fun and provides opportunities for students to learn additional tools (e.g. Game board design). Due to the success of this approach, it has been implemented in both onsite and online courses.
Assessment-Centric SCL
In addition to the standard assessment tools (e.g. quizzes and exams), this particular SCL approach centers around one or more course homework leading to a specific deliverable from the real world implementation of an advanced topic like ISO14001 Environmental Management System or Renewable Energy Alternatives. Students present both the theory and implementation. Page 26.507.8
8 This is a team oriented SCL in line with course learning outcomes. In fact, the students have to come to speed on many of the ISO 14001 standard details on their own (from a secondary text book for the course), research to find an industry implementation that meets the standards, and present it to the whole class. The students are empowered to critique the implementation and recommend changes or improvements to the current implementation. This again is an advanced SCL at the graduate level helping further development of critical thinking skills and students are motivated since it is assessment-centric.
Community-Centric SCL
The focus here is on learners themselves becoming teachers to some extent. As a result, it raises the level of mental processing (or learning) and increases interaction among learners. This can be an individual or a team SCL activity. It is recognized that the highest retention (90%) occurs when teaching others is involved. This approach puts the students in a different mind-set -a situation where they have to explain and/or answer questions. A teaching SCL activity helps graduate students not only to improve their preparation & presentation skills but also conceptarticulation skills. This is very important if they should ever assume a leadership position or even if they have to present to a company C-level management. When a student team prepares a presentation with the idea of teaching the same to their classmates, the approach is thorough with strong team interactions. Idea exchanges and teaching happens. All these inherently increase learning and retention. Research has also established a direct correlation between critical thinking and knowledge retention 7 . These concepts were applied to both engineering management and sustainability management programs.
Master's Degree in Engineering Management
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The Master of Engineering Management program (M.S.) is designed to bring the benefits of modern technology and high quality graduate-level instruction to engineers/scientists/technologists interested in furthering their skills in engineering management
In this program, engineering management principles are broadly based and are drawn from many different disciplines such as applied sciences, engineering, natural sciences, mathematics, economics, business, and social sciences.
Master's Degree in Sustainability Management
This program is designed to provide methods and theories appropriate to the study of sustainability from business perspectives to practical engineering. After a comprehensive interdisciplinary introduction to sustainability, students are exposed to managerial key ideas and practices with sustainable perspectives such as risk assessment, life cycle, lean supply chain, firm excellence and innovation.
Engineering Management Program:
In this course, the students were asked to develop a game to illustrate quality and ethical management principles. The following news story was used to develop one such game. Recently, This course focused on quality aspects related to project management, operations, and other aspects of engineering. The course covered materials on the theories and principles of total quality management and ethics required for a successful organization. In the example game, the same game topic was given to all the students in the given class. The students were asked to define the problem by considering ethics as one key independent variable. The team that developed the game shown in Figure 1 felt this was one of their best courses both in terms of learning key concepts as well as depth of understanding of the subject matter itself. Figure 3 depicts the students' feedback from the quality management course. The feedback in this course clearly indicates the impact the Page 26.507.14 14 game had on students' learning experience and the associated positive impact that the implementation of the game had on the students. The students' input was evaluated on a scale of 1-5 where '5' represents the most favorable feedback. The feedback on the specific student attributes namely innovation, engagement, and learning received a very good rating in this course. The only category that received much less than a 4 was the resource category website.
Los Angeles Times
The web site had a few issues including its availability from time to time. Even with this limitation, the students rated this novel game design methodology as being useful in their learning of the subject matter presented to them in this course. This game was developed using standard educational tools such as Excel, and hence the students did not have to spend additional time learning the tools to complete this work. Three SCL activities that are practiced in this category are the teaching of sustainability principles with an example, implementation of the ice-breaker discussion activity, and giving students the opportunity to select text book chapters to present/teach.
In the first SCL activity, student teams (or individuals) present the theoretical concepts of a sustainability principle (from a secondary course text book): its official name, definition, origin, its specific principles, and an application or implementation that demonstrates the principle.
Students need to really think deeply about the sustainability concept and be able to explain as if they are teachers. This content is included in their exams.
The second SCL activity, called icebreaker discussions, is implemented primarily in the MS
Engineering Management course where issues of management and customer relationships as well as their importance are discussed at length. From a process perspective, the class is divided in two sections; one section is the management and the other is the customer (role playing). The instructor presents a real-life issue and students discuss the issue from the point of view of the role that they are playing. Each section presents a potential solution to the other and negotiates.
The roles are switched for another real-life issue so the students get to think beyond theory and to put forward practical solutions. This real live simulation, facilitated by the instructor, promotes management and negotiating skills at the graduate level.
In the third SCL activity in this category, student teams get to pick a chapter of their choice in the primary text book and present it to the class (like teaching, of course) along with a real world example highlighting the theme or core concept of the chapter (e.g. Engineering Ethics).
The students also get to vote on what sub-set of these chapters should be included in the examPage 26.507.16 a true democratic process of student empowerment, one that allows them to determine what they are most interested in learning and what they wish to be assessed on.
Student Feedback on SCL Activities
As a part of the initial implementation, it was very important to get students' feedback on these graduate level advanced SCL practices. Surveys were taken at the end of the courses where one or more of these SCL practices were implemented. Students were informed about these activities right in the beginning when they were given the course outline. They were also informed of the assessment points that would be allocated for specific SCL practices (e.g. News of the Day). In these graduate level courses, most of the students are working adults, and so their feedback is very significant and unique. The following charts indicate the feedback from different courses -responses to specific questions asked in each of the courses as it related to SCL practices. Specific questions about the various traits of SCL (e.g. motivation, innovation, etc.) were asked in the gamification example ( Figure 5 ). It can be seen that the student feedback is overwhelmingly positive for these traits (all above 4 rating).
As seen from Figure 5 , a specific question about SCL helping critical thinking had a strong response. It is clear from these figures, the SCL practices were very well received by the students. The students responded to the methodologies adopted with not only very good ratings on the surveys, but also in their comments. More research and data collection would be required to evaluate other variables such as instructors, their teaching style, facilitation, and mediation skills. Another key item to be researched is to check if the students overall do get better grades when these practices are implemented. SCL is an interesting and practical learning tool and methodology SCL Empowers students and helps towards higher retention
